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ABRSTRACT

Experimental and theoretical investigations of end-loss, end-stop-
pering, stability, and heating 1in l.'near theta pinches have been conducted.
Efforts of groups at the Los Alamos Scientific Laboratory (LASL),
Mathematical Sciences Northwest (MSNW), and the University of Washington
(UW) are reported. At LASL, the exp?gimenSal results from the high energy
(Tg + Ty = 3.3 keV, n, = 1.5x 10°° em ) 5-m Scylla IV-P theta pinch
support the following; (i) Single mode m=l "wobble' instability rotation
frequencies of ~ 180 kHz are associated wirh axial wavelengths of
400-800 cm. (2) Ion thetmal conduction 1s an unimportant loss mechanism.
(3) Evidence of rarefaction-like waves is seen. (4) The normalized end-loss
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time 1s independent of the plasma beta and collisionality regime.
(5) Plasma flow from the ends remains collimated and convects magnetic
fields. (6) LID end plugs produce a three-fold 1increase 1In energy
containment time over the open-cnded configuration. Theoretical work at
LASL has demonstrated the following; (1) An explanation of the m=1 '"wobble"
instability has been formulated. (2) A correct description of end~loss must
include the magnetic curvature term in the axial momentum equation. Mirrors
increase the lifetime of a collisional plasma less than guiding center
theory predicts. (3) Maynetic field gradient drift can reduce the growth
rate of the universal drift {instability. (4) Collisionless magnetoacoustic
heating can be an effective heating mechanism in theta pinch??. AE MSHW=UW,
CO, laser heating of low energy (Te = Ty = 2 eV, ng =2 x 10 m~~) plasmas
is accomplished over a one-mcter column length. Maintenance of a on-axis
density minimum 1is demonstrated.

*Work performed under the auspilces of the U. S. Department of Energy.

INTRODUCTION

High energy thermonuclear plasmas can be generated in lincar theta
plnches. Areas of current interest 1n the fusion application of these
devices include end=-loss, stability, and hcating. FEnd losses, which present
a fundamental limitation on the plasma energy contalument time, result from
particle loss through the theta-pinch open ends and axial thermal conduction
losses along the magnetic field lines. To obtain relevant fusion reactor
designs, the detalled mechanisms involved in these end-loss processes must
be 1dentified and effective end-stoppering techniques developed. ° In
addition, an understanding of the plasma stability characteristics 1is
required; the m=1 "wobble" 1is the only observed MID 1instability of
significance in high energy theta-pinches. The deveclopment of alternative
plasma heating techniques would also enhance the theta-pinch reactor concept
and reduce the technological demands presented by implosion heating.

In this paper experimental and theoretical studies of end-loss, end-
stoppering, stability, and heating in linear theta pinches are presented.
Efforts of groups at the .0s Alamos Scientific Laboratory (LASL),
Mathematical Sciences Northwest (MSNW), and the University of Washington
(ULW) are reported. Experiments on the LASL high enecrgy Scylla IV-P theta
pinch have been directed tow rds the investigation of particle and thermal
losses, the plasma flow and w.nagnetic field 1nteraction processes near the
coll ends, end-loss suppression using solid material end plugs, and the
plasma stability characteristics. Theoretical efforts at LASL have dealt
with the driving mechanisms of the chserved m=l1 '"wobble" instability,
numerical studlies of particle end-loss, 1instability effect: on radial
diffusion, and magnetoacoustic heating methods. The {interac.lon of CC
laser radiation with theta-pinch like plasma columns 1is being studied at
MSNW and UW. In these experiments the channeling of the laser light along
the axis of a partially ionized plasma column, and the resultant heating is
investigated.
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1 ,L SCYLLLA IV-P THETA-PINCH EXPERIMENTS WITHOUT END PLUGS

.l. Theta-Pinch Experimental Arrangement. Scylla IV-P has a maximum
ei..gy storage of 2 MJ at 60 kV primary bank voltage. Six-hundred 1.8-uF
capacitors feed the 500-cm long, 1l.2-cm dia. single-turn compression coil.
Primary bank operation at 45 kV generates a vacuum E4 of 0.6 kV/cm at the
inside wall of the 8.8 cm i.d. quartz discharye tube and a peak compression
field, B,, of 4.8 T 1is obtained 3.1 wus afrer discharge initiation. A
crowbar system extends the magnetic field in time with an L/R decay of 110
us. The experimental results discussed below are obtained at 45 kV primary
bank voltage and with a th-»ta-pinch fill pressure of 10 mTorr D,. To
provide access for optical and 1internal plasma diagnostics iIn the
theta-pinch end regions, each ¢nd of the discharge tube 1s terminated, 4.5
cm beyond the coil ends, within a quartz expansion chamber. The chambers
are 20-cm in dia., 45-cm long, and end-supported by 20-cm dia. metal vacuum
tees.

l.2. Plasma Parameters. The plasma column total particle inventory,
Ne' and axially averaged peak density, n,, are determined from holographic
ruby laser cend-on iInterferograms. Near the time of peak magnetic field when
the plasma columa 1s highly symmetric and instability free, the plasma
radius, a, 1is obtalned from the interferometrically measured radial density
profiles; a correction for refractive bending of the interferometer laser
light is applied. The onset of a finite wavelength m=1 Instability at t = 5
ws distorts the radial density profiles recorded on the interfer?§53ms. The
plasma radius 1s then determined from the relation a = (Ne/ﬂnaL) , where L
is the coil length. It should be noted that the low density plasma "halo"
observed to surround the central plasma column for times t > 15 us is not
fncluded in the Interferogram analysis. A diamagnetic 1loop and probe
arrangement at the coil midplane 1is used to measure the magnetic flux, A9,
excluderd by the plasma. The excluded flux measurement 1s ccmbined with the
plasma radius data to obtain the peak plasma beta, Ba' The _total plasma
temperature 1s estimated from pressure balance, T, + T, = 8 Bz /n_k81. The
electron temperature, T,, also measured at the coil midplane, 1is éetermined
from 907 Thomsog scnstering. The peak magnetic field plasma parameters are:
n, ¥ 1.5 x 101% en™, T, 4+ T, = 3.3 keV, T, 2570 eV, B_ = 0.9 and a = 1.0
cm- At t = 6.0 us, after the magnetic field has passed ékrough its maximum
oscillation and the crowbar has become cffective, the plasma parameters are:

n, 0.9 x 101 T, + T, = 2.3 keV, T, = 440 eV, B, = 0.6 and a = 1.2 cm.

l.3. Plasma Stability. The plasma stability characteristics are
determined from side-viewing sterco streak photograpns and an axial array of
18 (9 vertical and 9 horizontal viewing) optical plasma-position detectors.
Fipure 1 presents a typical stereo streak photograph taken near the colil
midplane. The upper streak shows the plasma viewed from the top of the
coil, and the lower streak shows the plasma viewed from the coil front. The
slight curvature evident at early times (t < 5 us) results from the effect
of the thota-pinch magnetic field on the camera image converter -ube. The
MHD stable plasma column 1s disrupted by the onset of the m=! '"wobble"
instability at t = 5 us, which is about the time required for an A.fVen wave
to propagate from the theta-pinch éends to the midplane. The following
characteristics of the "wobble" Instability have been identified: (1) The
column rotates in the direction expected for ion rotation. (2) When the
column displays a single mode, it rotates in a plane with a node near the
coil midplanes (3) Single mode rotation frequencies of 180 + 80 kHz are
asgociated with wavelengths of 400 to BOO cm; however, frequencies of about
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twice this value have been observed in conjunction with wavelengths of 200
to 400 cm during at least part of the discharge in locallzed regions of the
pinch. (4) The peak amplitude of the motion 1is about 2 cm.

Despite a substantial number of theoretical investigations of plasma
rotation in theta pinches, only recently has an adequate explanation for the
m=1 "wobble'" 1instability been provided [1]. The plasma stability 1is
determined by solving the eligenvalue problem for the rotating plasma as
described by the finite Larmor radius fluld equatiors including the effects
of finite B and k“ # 0, where k 1s the disturbance axial wavenumber. The
results of these calculations indicate that the stability threshold,
measured in terms of rotation, for the experimentally-observed m=1, n=0 mode
is the lowest of any mode (including m=2, n=0 and m=!, n=1), and 1in this
sense it 1s the worst mode (m is the -.zimuthal mode number and n the number
of radial nodes). Contrary to early intuition, the fastest m=1, n=0 growth
rate occurs for k“ > 0, while k“ = 0 is neutrally stable. When both the
m=l, n=0 and m=2, n=0 modes are unstable, the growth rate for the latter is
greater than the m=l, n=0 growth rate by a factor of about 5. Good
agreement with the Scylla IV~P experiment 1s obtained by assuming that
plasma conditions are near the completely end-shorted state, and that the
column has a small pusitive charge (as arises from ambipolar potentials).
In particular, the plasma parameters appear to be ia the regime where only
m=1, n=0 1is unstable, and m=2, n=0 1s below threshold. For complete
snorting and no column potential, tke theory predicts neutral stability in
contradiction to the experimental observations noted above.

l1.4. FEnerpy and Particle Containment. The time histories of the total
plasma temperature and electron temperature are shown in Fig. 2. The total
temperature has been experimentally determined both from pressure balance,
and from estimates of the ion temperature obtained from the neutron emission
rate (measured with plastic scintillation detectors) combined with the
electron temperature from Thomson scattering. The solid lines indicate the
results of a recently-developed time dependent, zero-dimensional MHD
particle and heat-ilow code [2], which 1s used here to model the plasma
conditions at the coil midplane. The low values of measured T,, relative to
T, + Ty» result from preferential ion heating during the implosion phase and
electron heat conduction to the cold material walls at the theta-pinch ends.
For t > 10 us, the zero-temperature boundary condition MHD code, which
utilizes classical electron thermal conduction, predicts T, in agreement
with experiment. Delaying the onset of electron thermal conduction for
3-6 us in the code results in electron temperature predictions which are in
good agreement ~'ith all the experimental data points. This suggests that a
finite time 1s required for the plasma to flow from the theta-pinch ends,
contact a cold material wall, and establish a zero-temperature boundary
condition. The characteristic fﬂ%ftron tgermal condu;tifn . time,
approximated as € = (3/2) n k(L/2) /K| where Ky 1is the parallel electron
thermal conductivity, 1s about 1.5 us at peak field.

1As pcinted out bv Dr. H. R. Griem, the question of energy deposition by
electron thermal conduction to the relatively cold plasma flow in the
expansion chambers remains unresolved.
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The time history of To + T4y predicted by the MHD code generally
overestimates the measured total temperature decay rate. However, the code
does indicate that the ion temperatures are several times greater than the
electron temperatures, as observed experimentally, and 1s obtained by
eliminating ion thermal conduction losses in the simulation.
Experimentally, the 1lons are collisionless and thus classical ion thermal
conduction, which 1s a diffusive process resulting from ion-ion ccllisional
interactions, cannot be supported. The ion-ion mean free path, A_.,, 1s
~ 700 cm at peak field and approaches L only at late times, t > hb us;
Aee = 30 cm at peak magnetic field. Accordingiy the ions are collisionless
throughout the observed plasma lifetime while the electron population
remains collision dominated. The 1ons lose energy via axial convection and
by energy transfer to the lower energy electrons. Ion energy transfer to
the collisional electron population accounts for the observed slow decay of
T_, compared to Ti- Based on the peak field parameters, the e-folding time

e
constant for jlon-electron energy transfer 1s about 40 ps.

The total plasma energy per unit length, Eg, 1is obtained from
measurements of Ab and B, . Using the pressure balance condition and
approximating the peak beta as B_ = 2 A¢/B_m a“, E, can be expressed as Ey =
BZA¢/4n. Figure 3 presents the time ﬁistory of Ep mcasured at the
theta~pinch midplane. The solid line gives the results of the MHD code.
For t < 5 us, Eg is dominated by the rapid rise and fall of B,. The
quiescent period between 5 and 7 us in which Ep remains constant is
terminated by the onset, at t = 7 us, of an abrupt decay. This observation
cannot be explained LYy the gradual decay in B, but rather results from the
onset of convective c¢nerpy losses at the coil midplane. In collisional
plasmas, the onset of convective losses 1is initiated by the arrival of
rarefaction waves from the plasma column onds at t = L/2V, where V is the
wave speed. The results of the collisional Scylla I-C experiment suggest
that the rarefaction waves propazate inward at the cusp speed U ([3]. For
the Scylla IV-P experiment L/2U = 7 us which corresponds to the observed Eg
decay onsct time; axial flow 1is initiated 1in the code at this time. A
kinetic treatment [4] of the end-loss processes in collisionless plasmas
predicts transient phenomena similar to collisional rarefaction waves. The
estimated onset time of convective losses from the kinetic approach is 1in
yualitative agreement with experiment [5}. Thus, although the detailed
processes involved in the communication of the theta-pinch ends with plasma
at the midplane are diffcrent in collisional and collisionless plasmas, the
observed large-scale phenomena are similar, 1.e., what would appear to be
inward propagating "waves'" can be identified in both collisionality regimes.

The time evolutinn of the electron inventory, Ng» of the central plasma
column, obtalned from the end-on 1interferograms neglecting the '"halo"
plasma, 1s presented in Fig. 4. The basic phenomenolcgy of the inventory
time history 1s 1dentical to that observed 1in previous high=-cnergy
theta-pinch experiments. Specifically, Ng remains constant for au initial
period of about 6 to 8 us dirotion before an exponential decay is observed.
The cause of this initial plateau has been identified in the present experi-
ment and will be discussed below. A least squares frit to the data of
Fig. 4, for t > 6 us, yields an e-folding end-loss time T of 12.5 + 0.5 u_.

l.5. Plasma Flow from the Theta-Pinch Ends. The characteristics of
the plasma flow into the end expansion chambers are studied
photographically, spectroscopically, with magnetic flux loops, and
internally with magnetic field probes and a pressure probe sensitive to
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local particle momentum flux [5]. The plasma flow out of the theta-pinch
ends 1s preceded by an axially outward propagating shock wave initiated
during the implosion phase and identified photographically and from local
pressure measurements. The impact pressure of the out-flow plasma following
the shock wave 1s measured with a 2 mm dia. acoustic delay line
plezoelectric pressure sensor inserted axially into an end expansion
chamber. Local pressure measurements are made at varilous axial positions
between the coll end and 26 cm downstream from the end, and extend radially
over the diameter of the expansion chamber. From the pressure measurements
[5,6' a highly collimated (little radial expansion) axial plasma flow is
observed for the entire duration of the experimental observaticn time (-~ 40
usd). The axially-flowing plasma is believed to expand to the walls as it
enters the metal vacuumn tees located ~ 50 em from the coil ends. The
collimation of the end-flow plasma results in the initial period of constant
electron inventory observed interferometrically. Since the end-on
interferometer responds to all the electrons within the laser beam path, and
since the plasma front following the initial shock wave does not expand out
of the interferometer field of view for several microseconds no decrease in
N, will be detected during this time.

From local magnetic field probe measurements, exclusion of the magnetic
field from the expansion chamber 1is observed until after passage of the
shock wave. Near the expansion chamber axis, the magnitude of the magnetic
field within the plasma following behind the shock wave exceeds the vacuun
field value. Thesa results not only 1indicate that the magnetic fieid
structure external to the theta-pinch coil is distorted in the presence of
plasma but also that magnetic field 1s '"frczen" into the plasma and
convected axially with the flow.

1.6 Particle End-Loss Time. In the determination of the end-loss
time T, the data within the period of artificially constant Ne (t < 6 us)
was not included 1in the analysis. To obtain a consistent conparison, the
electron 1inventory data from previous nigh-energy theta-pinch experiments
have been re-analyzed neglecting the period of constant N,. For comparison
with theory the measured particle end-loss time 1s expressed as
T = (L/2)[mi/2k(Te + Ti)]l 2 n, where n 1s a normalizing parameter repre-
senting the ratio of measured end-loss time to thermal-transit time. In
Fig. 5, n 1s plotted against B, The solid 1linesz identify existing
theories, reviewed 1in Ref. [7] and the X°s mark the results of a recent
numerical treatment (8] discussed in section 3.1l.. The data points (based
on peak field plasma conditions) are from the collisionless Scylla IV-P,
Scylla IV-3 [9] and 1linear Scyllac [l10] experiments and the colli-
slon-dominated Scylla I-C experiment [3]. Examination of Fig. 5 1indicates
the following: (1) for all experiments the measured particle end-loss times
are between 2.2 and 2.8 thermal transit times, (2) the experimental values
cf n do not display an 1dentifiable dependance on B_, and (3) the experi-
mental values of n are independent of the plasma collfsionality regime.

2. LASL SCYLLA IV-P THETA-PINCH EXPERIMENTS WITH SOLID END PLUGS

End-stoppering experiments using solid silicon dioxide (quartz), boron
nitride (BN), and 1lithium deuteride (LiD) end plugs have been performed on
Scylla IV-P. The plugs are cylindrically shaped, 5 cm 1in diameter and
3.8 cm thick. The front face of each plug 1s Iinserted ~ 5 cm inside the
ends of the theta-pinch coil. Initfial experiments [ll] using the quartz
plugs demonstrated the following: (l) the stability of the plasma column is
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improved compared to the open-ended case, the m=l instability being rapidly
damped, (2) plasma does not flow past the plugs and out of the theta-pinch
ends, (3) the total plasma neutron yield measured with the nlugs inserted is
about equal to that measured without the plugs. Ablation of the quartz plug
surface amounted to less than | um of plug material ablated per discharge,
with about 0.1 % of the plasma energy invested in the ablation process.
Only a slight increase (~ 20%) in energy-confinement was measured with the
quartz plugs. Particle and energy flow to the end-plug region and energy
losses by atomic procee s (primarily radiation) in this region dominated

the energy confineme 2 theta-pinch midplane. In an attempt to reduce
the =znergy 1loss by processes, more recent experiments have been
conducted using the (Z = atomic number) BN and LiD plugs. Results
(1)-(3) noted above a. -0 observed in the BN and LiD end-plug experi-
ments.

2.l. Density Measurements in the Plasma-Plug Intcraction Region.
Side-viewing ruby laser interferometry is used to observe the ablated plasma
near the end-plug surface. Figure 6 presents radial density profiles
determined from Abel inversion of the interferometer fringe shift profiles
recorded at early times during the discharge for the BN and LiD end plugs.
For the BN plugs (Fig. 6a) the density profile close to the plug face
(z=0.1 cm) is nearly Gaussian with an e-folding radius about equal to that
of the plasma column radius and with peak densii%es Egsulting from ablation
and subsequent icnization in excess of 5 x 10 cm 2. At axilal positions
z > 0.1 cm the ablated BN plug material is concentrated at the outer edge of
the column where the axial pressure is less than on the column axis,
resulting 1in annular density profiles. The axial electron line density is
determined from area integration over the BN plug radial density profiles.
Analysis of the line density profiles shows that the ablation layer
formation time is 1-1.5 us and that the layer attains a thickness of about
l em at £t & 5 us. After this time the line density slowly decreases,
indicating an attenuaticn in the plug material ablation rate. With the BN
end plugs the time history of Ep, measured at the coil midplane, 1is
approximately the same as that measured with the quartz plugs.

LiD 1is the lowest-Z solid end-plug material available at room
temperature. The line radiation from this material should be burned through
at an electron temperature of 100 eV. Side-on interferograms obtained with
the LiD plugs indicate a higher density of ablated plug material than
observed for the BN end-plugs. A sufficient quantity of plug material is
ablated and ionized in the first two microseconds of the discharge such that
the interferogram fringes within a centimeter of the plug face are
completely cbscured. Typical radial density profiles obtained with the LiD
end plugs are shown in Fig. 6b. As with the BN plugs a high electron
density 1s observed at the outer edge of the plasma column. However, with
the LiD plugs a high ablated plug material electron density is also measured
along the plasma column axis. From line density analysis, the ablation
layer formazion time 1s about 1-2 ps. The layer attains a thickness of
about 3 cm at t = 5 ps. The ablation process is attenuated for t > 5 us.

2.2, Fnergy Line~Density Measurements with LiD End Plugs. With the
LiD plugs, E; measurements at the theta-pinch midplane show a significant
increase in energy confinement time over that obtained in the open-ended
geometry and with higher-Z end plygs. The time history of Ej; with and
without the LiD plugs 1s presented in Fig. 7. With the LiD plugs the energy
containment time, Tp, 1is increased over a factor of three (from 9 to 29 us)




-8=-

above that measured wlth open ends. This result 1s ia agreement with the
MHD code calculations shown in Fig. 3, in which the axial plasma fiow 1s
stopped and the decay of the midplane plasma energy is dominated by electron
thermal conduction to non-radiating ablated plug material and the decay of
the confining magnetinr field. The calculated [12] line and continuum
radiation losses from the LiD plugs are significantly less than that from
the higher-Z plugs. 1In addition, a much higher density of ablated material
is experimentally observed to propagate 1into the plasma column with LiD
plugs than with the BN plugs. These results indicate that radiation losses
with the LiD plugs are small enough to permit the formation of an ablation
zone of sufficlent pressure to impede the axlal flow and associated energy
losses of the deuterium plasma.

3. LASI, LINEAR THETA-PINCH THEORETICAL RESEARCH

3.1. Endloss Studies. The computed n values shown in Fig. 5 by the
X’s are the result of a study of end-loss in which the time-dependent
equations for magnetohydrodynamic flow 1In two dimensions are solved
numerically [8]. Other qualitative results of this study are: (1) The total
mass Iin a theta pinch decays exponentially in time due tc end-loss with an
end-loss time which 1s proportional to length. (2) The end-loss time is
insensitive to the boundary conditions at the outflow ends. That 1s, the
end-loss time with free expansion at the end, as in the case of a long guide
field, is virtually identical to the end-loss time with zero pressure, as in
the case of a high=-Z end plug. (3) The end-loss time, normalized to the
thermal transit time, n, 1s significantly different from other theories
(c.f. Fig. 5), especially in its lack of dependence on the plasma beta [7].
The end-loss time agrees relatively well with experimental data.

A study of the results of the numerical calculations indicates the
magnetic field curvature term contributes significantly to the axial
momentum equation, and may account for the difference between the results of
two-dimensional and one~dimensional solutions of the time dependent
equations [13). The axial momentum equation 1s written as follows,

2
3B B
ow aw ow ap z d r
P +uL+wL)+P-pg 2_°
(3t Yar Y Bz) 3z T ar 2z ( 2)
+2 0 4 =9 -3 0o,

where p and p are the plasma density and pressure, u, B, w and Bz, the
components of velocity and magn-tic field in r and z respectively. Below
each term 1s its typical relative value in the numerical solutions. Note
that BraBz/Br i1s comparable to 3p/3z, and therefore will have a significant
effect on the axlal flow. The absence of this term, among others, 1in the
one dimensional approximation probably accounts for the difference 1in the
computed values of n between the one- and two-dimensional solutions. (The
simplest description of end-loss may result from the 1long, thin
approximation, a/L << 1, whcre a 1is the plasma radius and L the length of
the theta pinch [l4]. 1In_this approximation, only the last term in the
above equation 1s 0((a/L)°) and may be deleted. However, no comparable
solutions of the ordered equations are available.)
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The results of a study of the effect of single mirrors on plasma
confinement are shown in Fig. £. There, the variation of n with mirror
ratio, M, is shown for 0.25 < M < 4, and compared with measurements made on
linear Scyllac [10]. 1In agreement with that experiment, the mirrors reduce
end-loss, but much less effectively than guiding center theory predicts.

3.2. Mapgnetic GCradient Effects on the Universal Instability. The
density gradient driven universal Instability is expected to govern radial
diffusion in theta-pinch plasmas on fusion time and distance scales since,
unlike other cross-field instabilities, it is unstable for arbitrarily small
density gradients. However, finite plasma beta (either due to the inclusion
of magnetlc gradient or electromagnetic effects) tends to reduce the growth
rate of the universal instability and can even stabilize it [l1Z]). Here the
linear Vlasov theory of the universal instability 1in a unidirectional
magnetic field (B = ZB) 1is considered in the slab model with the 1local
approximation iIin the electrostatic limit but including the full resonant
effects of a magnetic field gradient drift. 1Inclusion of the VB drift
requires expression of the 1linear dispersion relation in terms of an
integral over v , the perpendicular drift speed. Solutions to the
dispersion relation computed without approximation demonstrate that the
effect of a magnetic field gradient (expressed here in terms of the local
ion beta, Bi = 8ﬂnkTi/B2) is to reduce the maximum growth rate Yo of the
universal 1instability. Numerical analysis demonstrates that the ion VB
effects are more important than the corresponding electron contributions,
but that both act to reduce the growth rate. The iIncreased damping is due
to velocity space broadening of the electron Landau resonance driving term
and a similar extension of the ion Landau damping term into the resonant ion
region. The velocity broadening of th2 electron resonance i1s small compared
to the width of the electron distribution, and these computations have
demonstrated that expansion of the elec:iron susceptibility to first order in
the reciprocal magnetic gradient scale length (EB) yilelds results equivalent
to those from the full integral. However, a relatively small value of Bi
brings the VB resonance well into the 1on distribution, and various
approximations to the 1on susceptibility fail as Bi increases. One
approximation, ar expansion of the ion susceptilility to first order in €qs
yields a maximum growth rate that agrees with the exact result to within a
few percent for only rather low values of B;, B; < 0.02, and is roughly 60%
larger at modest Bi’ Bi = 0.2, for typicai purameters (Ti = Tgyy My = 3674
M ratio of electron-ion relative drift speed to ion thermal speed = 0.05).
A second approximation, which 1involves replacing the v [lactor 1in the
Fried-Conte function with 2 Ti/mi’ is somewhat better. The maximum growth
rate computed with this approximation agrees with the exact result to within
27% for B; < 0.08 and is only 20% larger at B; = 0.2.

3.3. Magnetoacoustic Heating. Magnetoacoustic heating 1s an
attractive method for preferentially heating plasma ions when an appropriate
dissipative mechanism exists at a convenlent magnetoacoustic resonant
frequency. The observations of collisionless damping of magnetoacoustic
waves in a high-beta plasma [16] are experimental evidence for the existernce
of a dissipative mechanism In a collisionless plasma. For a linear theta
pinch, magnetoacoustic heating would not impose a limitation on end-stop-
pering schemes. With a judiclous® choice of parameters, magnetoacoustic
heating may allow the use of lower values of induced RF 2lectric fields than
are required when implosion heating 1s the sole method of heating.
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We have studied theoretically the physics relevant to magnetoacoustic
heating of a screw pinch (equivalent to a theta pinch when By = 0) in a col-
lisioniess plasma regime by two approaches and we are applying the results
to cases of experimental interest. Heating times and assoclated induced RF
electric fields have been computed. Both approaches are based on the
Vlasov=-fluid model [17] in which collisionless 1lons an¢ massless, fluid
electrons are treated under the assumptions of quasi charge neutrality and
negligible displacement current. The two approaches differ witi. respect to
thelr ordering of small parareters and with respect to their treatment of
the boundary between the plasma and a surrounding vacuum. 1In the first
treatment, [18] the techniques of earlier analyses [l19] have been combined
with an ordering scheme adapted to the study of magnetoacoustic waves. The
basic smallness parameter 1s the ratio (ion gyroradius)/(plasma radius); 1in
terms of that parameter, the quantities local plasma beta, (plasma
radius)/(any scale length of the wave), and (phase velocity along the
magnetic field)/(ion thermal velocity) are assumed to be of order unity.
This ordering scheme applied to the Vlesov-fluld model provides a physicati
description of the plasma which contains kinetic effects along the magnetic
field lines but retains only fluid-like effects transverse to the field
lines; finite-ion-gyroradius effects do noc contribute in leading order. A
basic result cf applying this description to a pinch configuration is the
identification of ion Landau damping as a viable dissipative mechanism “or
converting magnetoacoustic wave energy into ion thermal energy [18). The
Landau damping causes a phase shift in the response of the plasma relative
to the phase of an imposed oscillation of the confining magnetic field; chis
shift is responsible for the dissipation. At a magnetoaccustic resonance
the amplitude of the plasma resporse and the assoclated rate of dissipation
peak. The total rate of energy dissipation 1s obtained by calculating the
Poynting vector external tc the plasma column. That the cnergy dissipated
1s converted completely into 1on thermal energy is proved by use of a
thermal transport equation derived from the ion Vlasov equation. In order
to obtain the shortest doubling time, 14> for the plasma energy with the
least induced RF electric field, E, 1t appears desirable to operate at a
ratio of (phase velocity along the magnetic field)/(ion thermal velocity)
roughly equcl to 0.7. For theta pinch parameters, t'e have obtair~d Td S on
the order of 10™% s with fields E on the order of 80V /cm.

Tn the second approach, the effect of finite lon gyroradius on mag -
acoustic heating of a sharp-boundary screw pinch is being studied. In <.
to take proper account of the sharp boundary, the starting equations .
those derived previously for applying the Vlasov-fluid model to a
sharp-boundary screw pinch [20]. Within the pinch the collisicnless
Boltzmann equation for the Vlasov-fluid model has been solved analyticaily
for small values compared to unity of er and w/wci, where k 1s the largest
relevant wavenumber, r; is the ion gyroradius, ® 1s the frequency, and Wy
is the ion cyclotron frequency. Finite-ion-gyroradius effects were kept to
zeroth and first order and the solution 1s valid up to the sharp boundary.
Because this approach uses a more general ordering, it also should be
possible to determine whether dissipative mechanisms other than Landau
damping are operative for magnetoa??gstic heat%8§ in a col}ffionless plasma.
A differential equatio? for £ (A Ex B where A perturbation
vector potential and B equilibrium magneti" field) containing finite
gyroradius effects was derived by substituting the solution of the colli-
sionless Boltzmann equation into the transverse force-balance equation (the
component perpendicular to B of the Maxwell V x B equation). An analytical
solution of the equation for £ was used to calculate the heating of the
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pinch in the presence of an oscillatory driving electric field on a
cylindrical surface 1in the vacuum region surrounding the pinch [21].
Numerical studies have been made to examine the primary m=0 magnetoacoustic
resonance 1in sharp-boundary pinches whose equilibrium parameters were chosen
to model the staged theta pinch experiment at LASL [22]. The dependence of
the heating rate upon r;/r  and kr, was investigated, where r  1is the pinch
radius. The numerical results, which are quite similar for both experi-
ments, can be summarized as follows: 1) For large axial wavelengths (kro <
0.01),the resonance 1is extremely narrow and 1is lititle aflfected by changes in
rL/rO. Because of the narrowness of the resonance, absorpticn of such long
wavelength waves 1s uninteresting as a practical heating mechanism. 2) For
axial wavelengths such that kr = 2, the resonance 1s quite different. For
example, with rL/ro = 0.0l, the full width at half maximum is in the range
of a few to several percent, and maximum values of Q (the heating rate
normalized to the plasma kinetic energy) in the range of 0.0005 w.y to 0.02
w.; have been computed for a driving electric field of 50 V/ecm. The 1ate of
coilisionless absorption for these short axial wavelengths can be very large
and may provide a usefu. heating mechanism for fusion experiments. The
plasma response and the heatin; rate j'E exhibit radial structure whose
scaie length is of the order of rp-

4. MSNW=UW CO, LASER HEATED SOLENOID RESEARCH

The laser heated solenoid fusion concept was formulated to take
advantage of the fortuitsus match between the absorption length for co,
laser radiation at 10.6 ur of reactor grade plasmas and the length needed to
achieve net energy output from open-ended linear reactors. The principal
requirement of this approach 1is the necessity of channeling the laser
radiation along the centerline of a solenoidal magnet over 1long column
lengths through the formation and maintenaace of an on-axis electron density
minimum in the plasma. This minimum can be created either by 1laser
breakdown of a neutral gas in a steady magnetic field or by a combination of
laser heating and theta pinch implosion in a rising magnetic field. The
latter method, by which the plasma is removed from the wall, 1s the subject
of the present euperiment<- In this case, the density minim:m must be
maintained against diffusive erosion from the vacuum boundary.

Beam propagation and heating has bzen investigated 1in two separate
experiments, one at MSNVU employlng several kJ’s of CO, laser radiation in a
2 us pulse to heat plasma cclumns contained in a l-meter long, 3.8 cm bore
solenoid producing a magnetic field rising to 6 T in a 4.7 us. Experiments
at the UW utilize a 1 kJ laser and a 22-cm long, 3.3 cm bore solenoid
producing a magnetic field rising to 14 T in 4.2 us.

4.1, One-Meter Experiment (MSNW). The MSNW experiment is described 1in
detail in Ref. [23]. A 35-cm diameter annular laser beam is focused to a
2 mm spot size by a 5-meter focal length mirror. DJamagnetic loops measure
the excluded flux at either end and in the center of the solenoid.
Cross-tube time dependent Iinterferometry, radial streak photography, and
time dependent spectroscopy are performed through slots at the magnet
center. The entire vacuum chamber 1s statically filled with hydrogen or
deuterium at pressures between (.25 to 2.0 mTorr. The heating results at
low and high pressures are remarkably different, reflecting the ability to
maintain the on-axis density minimum necessary for beam trapping.
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The gas fn the magnet {o prefonized by a fant 12 kA 7Z=discharce lasting
about 1.5 us, and the maln fleld capacitor bank {s switched 2.5 .y later.
Laser heating is Inftlat -d during the 300 ns fmplosfon phase.  The basic
theta pinch produces a plasma compressed hy a fastor of 2 (at higher
pressures) to 3 (at lower pressures) In diamcter with a measured temperature
of at most 2 Ve At the lower pressures (pe < ] mlorr) laser heating raises
the plasma to lne encrples of about 3 J/em and peak temperaturces of about
40 eV. This heating {s nearly uniform alonpy the column leagth, buat
deercases rapidly in offectivences after about 1 ous into the laser pulse.
Interferomnctris measurements Indieat: a l1oss of the required density minlimen
at this time. and lack of continued heating can he attributed to untavorable
beam refraction.

By econtrast, lascr heating {s contlnuous throughout the 2 us laser
pulse for the higher fill pressures.  There [s a slight propapgation delay in
heating from one end of #he column to the other, but the column {s still
heated nearly uniformly. Flgure 9 shows a typlcal radial streak of the
heated plasma at 1oy mTorr Dy, fi{l1l pressure. The hydrodynamic bouneing s
typical for hipyn 2.  The dlamagnetic sipnal in the center 1s comparea in
Fig. 192 with a one=dimensional, quasi-steady pressure balance models This
model eannot reprodace the hydrodynamle bouncing, but the apgrecement with the
average measured diamagnetism [y excellent, even  though the calculated
absorption lenpth decreases to less than ' m by the end of the 2 s laser
pulse. In contrast with the lower pressare results, the dlamagnetic signal
increases  throuphont  the  laser pulse, indfcating very efficient beam
trapping. The plasma enerpy inferred from the dlamagnetic loop measurements
increases after the laser pulse to a peak valuwe of 8.5 d/cm.

Fipgure 10b siinws the calculated plasma profiles as a function of timce
for this experiment.  Theyv show a density well persisting throughont the
2 us laser pulse. Experiments carriced out on a shorter solenold in the UW
experiment, where axial dinterferometry 1s posstble, confirm this deasity
minimurr for high fill pressurec. The appearance of the 3434 A° Cy; line in
spectr.psaphic measurcements confirms the peak calculated temperatures.  Due
tu the high density, the electron and {on temperatures are nearly equal and
the decay 1in peck temperature after the laser pulse s du: to thermal
conduction and radial equilibration. While the laser pulse Is on, a strong
thermoclectric effect produces a B = 1 condition 1In the center of the
plasma, which is reduced due to diffusion to B = 0.65 at 4 us. These exper=
iments clearly indicate efficient beam trapping, malntenance of a density
minimum, heating and subsequent adiabatic compression of the plasma. Based
on this success, the magnet length 1s belnpg extended to 3-m, the peak ficld
to 15 T with a 8 us rise time, and the lascer energy incrcased to abrut 8 kJ
in a 3-4 pus pulse length.

4.2. 22-cm Ixperiment (UW). Emphasis has been placed on axial inter-
ferometry in the UW experiments in order to accuratcly measure the radial
electron density profile. Diamagnetic loops have been located at 5.5 ecm and
16.5 em in order to correlate the plasma line energy with the laser heated
profiles. The evolution of density profiles produced by the theta pinch
alone, for a fill pressure p, of 1.8 mTorr, 18 shown by the solid curves on
Fig. 1ll1. The plasma ‘s only partiaully ilonized, and an on-axis density
minimum can be scen *o be present during the 300 ns implosion, and after
500 ns. Strong laser heating was measured by both diamagnetic loops when
laser heating was initiated before 300 ns or after 500 ns. Figure l2a shows
a typical interferogram for the late time laser heating, and Fig. 12b shows
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the plasma line cenerpgics Inferred “rom the diamagnetic loop signals. leated
plasma c¢lectron density profiies are also shown by a dashed line on Fig. !l
for comparison with the unhcated profiles. The electron density minimum s
deepencd, the total line density increases due to laser induced lonization,
and the column expands significantly due to the 1increased encrypy content.
Correlation of diamagnetic and interferometri~ data 1 ws iInto the laser
pulse vyields a centerline temperature, assuming a CGaussian  temperature
profile, of 60 ¢V, £ 2 1, with n, = 3 x 10°%.

Detalls of these experiments are reported elsewhere [24]. Some further
conclusions arc; (1) timing of the laser pulse relative to the main field
rise for efficient column heating 1s quite sensitive In small bore plasma
tubes but should be less so in reactor size tubes, (2) peak temperatures in
the UW cxperiments are governed by free streaming end losses, (3) laser
encryy addition reduces the tendency of the rcolumn to form flutes, (4)
alignment of the laser bceam 1s more critical at higher f numbers, (5) there
is preliminary evidence that material end plugs subscantially Increase the
plasma lifetime In accordance with predictions, and (6) wall lipght-up occurs
on some shots and is believed to be due to refraction of the outer portions
of the beam Lo the tube wall.
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FIGURE CADPTIONS
Fip. 1. Stercoscopic streak photograph taken at the coil midplane.

Fig. 2. Time history of the electron and total plasma temperature at the
coll midplane, and results from MHD code. Data points from: (®) Thomson
scattering, (@) pressure balance, (8) neutron emission rate plus Thomson
scattering.

Fig. 3. Time history of the energy line density measured at the coil
midplanc, and MHD code results for open-ended and end-plupped (no axial
flow) theta=pinch configurations.

Fiz. 4. Time history of interferometrically determined total plasma
inventory.

Fig. 5 Theoretical and experimental results for n versus Ba'

Fig. 6. Ablated and ionized cend-plup material radlal density profiles for,
(a) BN and, (b) LID end plugs.

Fig. 7. Time history of the encrgy line density measured at the coll
midplane for the open-ended and LiD end-plugged theta-pinch configuration.
T 1s obtained from a least squares fit to the data for t > 6.0 us.

Fip. B. Comparison of the variation of n with M as computed from the
two=dimensional, time dependent cquations with guiding center theory and
data from linear Scyllac.

Fige 9. Radlal straoak photograph of laser heated 1.5 mTorr D, theta-pinch
plasma.

Fig. 10 lLaser heated 1.5 mTorr D, theta pinch plasma: (a) comparison of
cexperimental and calculated diamagnetic signals, (b) calculated plasma
profiles.

Fige 11+ Interferometrically measured radial density preofiles for various
times 1n the 22 cm soicnoid. Solid curves and dashed curves for unheated
and laser heated columns, respectively.

Fig. 12. (a) Tnterferopgram of laser heated plasma in 22 em solcnoid. Pg =
1.8 mTorr, laser cnergy 360 J initiated at 220 ns. Picture at 640 ns.

(b) Line energy densities versus time for 22 em laser heated solenoid,
measure wit'. dlamagnetic loops.
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Fig. l. Stereoscopic streak photograph taken at the coil midplane.
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Fig. 2. Time history of the electron and total plasma temperature at the
coil midplane, and results from MHD code. Data points from: (@) Thomson
scattering, (Q) pressure balance, (&) neutron emission rate plus Thomson
scattering.
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Fig. 9. Radial streak photograph of laser heated 1.5 mTorr D, theta-pinch
plasma.
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Fig. 11. 1Interferometrically measured radial density profiles for various
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